Background-We previously demonstrated that ischemic postconditioning decreases creatine kinase release, a surrogate marker for infarct size, in patients with acute myocardial infarction. Our objective was to determine whether ischemic postconditioning could afford (1) a persistent infarct size limitation and (2) an improved recovery of myocardial contractile function several months after infarction. Methods and Results-Patients presenting within 6 hours of the onset of chest pain, with suspicion for a first ST-segment-elevation myocardial infarction, and for whom the clinical decision was made to treat with percutaneous coronary intervention, were eligible for enrollment. After reperfusion by direct stenting, 38 patients were randomly assigned to a control (no intervention; nϭ21) or postconditioned group (repeated inflation and deflation of the angioplasty balloon; nϭ17). Infarct size was assessed both by cardiac enzyme release during early reperfusion and by 201 thallium single photon emission computed tomography at 6 months after acute myocardial infarction. At 1 year, global and regional contractile function was evaluated by echocardiography. At 6 months after acute myocardial infarction, single photon emission computed tomography rest-redistribution index (a surrogate for infarct size) averaged 11.8Ϯ10.3% versus 19.5Ϯ13.3% in the postconditioned versus control group (Pϭ0.04), in agreement with the significant reduction in creatine kinase and troponin I release observed in the postconditioned versus control group (Ϫ40% and Ϫ47%, respectively). At 1 year, the postconditioned group exhibited a 7% increase in left ventricular ejection fraction compared with control (Pϭ0.04). Conclusions-Postconditioning affords persistent infarct size reduction and improves long-term functional recovery in patients with acute myocardial infarction.
A cute myocardial infarction (AMI) is a frequent and disabling disease, with nearly 1.5 million new cases each year in the United States. 1 Heart failure is a common outcome of AMI, with a mortality rate Ͼ50% at 5 years. 2 Studies have demonstrated that infarct size is a major determinant of prognosis after AMI. 3, 4 Interventions aimed at reducing infarct size may therefore be of major clinical interest to improve the prognosis of AMI patients.
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Opening of the occluded coronary artery is the first treatment of AMI, and there is evidence that reperfusion improves long-term outcome. 5, 6 However, experimental and clinical reports indicate that reperfusion has deleterious effects, including myocardial stunning, ventricular arrhythmias, and no reflow. 7 Although the existence of lethal reperfusion injury has been much debated, 8 Zhao et al 9 recently demonstrated in the dog model that repetition of brief episodes of ischemia immediately at the onset of reperfusion after a prolonged ischemic insult can dramatically reduce infarct size. This phenomenon (termed postconditioning), which clearly identifies reperfusion necrosis, has since been reported in several animal species. 10 -15 Our group was the first to demonstrate that this protection also applies to the human heart. 16 In a "proof-of-concept" study, we showed that 4 episodes of 1-minute inflation/1-minute deflation of the angioplasty balloon immediately after a direct stenting of the occluded culprit coronary artery was able to reduce total creatine kinase (CK) release during reperfusion, an estimate of infarct size, by 36% in AMI patients. 16 Although that study was very encouraging, widespread use of postconditioning as an adjunct treatment targeting reperfusion injury in AMI patients requires demonstration of a persistent clinical benefit. To address this issue, we enrolled 38 patients with ongoing AMI in a prospective randomized controlled trial. After several months of follow-up, we assessed whether postconditioning had (1) afforded a sustained infarct size reduction ( 201 thallium single photon emission computed tomography [SPECT] ) and (2) improved myocardial contractile function (echocardiography).
Methods
The study was performed according to the Declaration of Helsinki (revised version of Somerset West, Republic of South Africa, 1996) and according to the European Guidelines of Good Clinical Practice (version 11, July 1990) and French laws.
Study Population

Eligibility Criteria for Participants
This study population is fully different from that reported in the initial trial by Staat et al. 16 Male and female patients, aged Ͼ18 years, presenting within 6 hours of the onset of chest pain, who had ST-segment elevation Ͼ0.1 mV in 2 contiguous leads, and for whom the clinical decision was made to treat with percutaneous coronary intervention (PCI), were eligible for enrollment. The culprit coronary artery had to be either the left anterior descending artery or right coronary artery and to be occluded at the time of admission (Thrombolysis in Myocardial Infarction [TIMI] flow grade 0). 17 Patients with cardiac arrest, cardiogenic shock, previous AMI, preinfarction angina within 48 hours (ie, potential benefit of protection by preconditioning), or evidence of coronary collaterals (Rentrop grade Ն1) to the risk region, as assessed by coronary angiography at admission, were not included. 18 The study protocol was approved by the promotor of the study (Hospices Civils de Lyon) and the Ethics Committee of our institution. All subjects gave written informed consent before inclusion into the study.
Data Collection
Data from all 3 centers were collected by the principal investigator clinical research assistants at the Louis Pradel Cardiology Hospital, Lyon, France.
Interventions
Coronary angiography was performed by a standard technique. Acute biplane left ventricular (LV) angiography (30°right anterior oblique), performed just before coronary angioplasty, was used to measure the circumferential extent of the abnormally contracting segments, an estimate of the area at risk, as described previously. 16, 19 The length of the abnormally contracting segments was determined by computerized planimetry and expressed as a percentage of the LV circumference. Coronary angioplasty was performed according to the direct stenting technique. After the tip of the guidewire had been positioned downstream of the culprit lesion, the balloon was inflated for Ϸ20 seconds at 12 to 16 bars for a proper implantation of the coronary stent. In the control group, no additional intervention was performed during the first 8 minutes of reperfusion. In the postconditioned group, within 1 minute of reflow after the direct stenting, the angioplasty balloon was reinflated 4 times for 1 minute, with low-pressure (4 to 6 atm) inflations, each separated by 1 minute of reflow. 16 After minute 8 of reperfusion, the PCI procedure was completed according to the physician's judgment with respect to patient status. The postconditioning protocol was feasible and safe in all patients allocated to this group.
Objectives
The primary objective of this study was to determine whether postconditioning might afford a persistent infarct size reduction, as assessed by SPECT imaging at 6 months after infarction. The secondary objective was to determine whether postconditioning might improve myocardial contractile function, as evaluated by echocardiography at 1 year.
Main Outcomes
All analyses, including that of SPECT imaging and echocardiography data, were performed by independent observers unaware of the treatment group. The PCI cardiologist in charge of the PCI procedure was not involved in any of the data analyses.
SPECT Imaging at 6 Months After Infarction
At 6 months after AMI, patients underwent SPECT imaging to estimate infarct size. After intravenous injection at rest of a nominal activity of 110 to 120 MBq of 201 thallium, a first SPECT acquisition was performed 10 to 15 minutes after injection with the use of a General Electric DSTi small field of view, double-head, rotating gamma camera. Four hours later, after tracer redistribution without reinjection, a second SPECT was acquired in the same conditions. Tracer uptake was quantified with the use of MyoQuant (Vision, General Electric) software. 20, 21 From the observed myocardial perfusion defect, we measured (1) the area of impaired perfusion, termed defect size (expressed as a percentage of the entire LV), and (2) the mean 201 thallium uptake (expressed as a percentage of the perfusion in nonischemic regions) within the area of abnormal perfusion. From this, we calculated a perfusion defect index, which takes into account both the size (defect size) and the severity (percent reduction of 201 thallium uptake) of the myocardial perfusion deficit, with the following equation: perfusion defect indexϭ(1Ϫthallium uptake)ϫdefect size. We used this rest-redistribution perfusion defect index as an estimate of infarct size.
Echocardiography at 1 Year After Infarction
Patients were scanned in the left supine position from an apical window with the use of Vivid 7 systems (GE-Vingmed, Milwaukee, Wis). LV volumes and LV ejection fraction were measured by biplane Simpson's rules. 22 To evaluate regional systolic function, the LV was divided according to the 16-segment model, as recommended by the American Society of Echocardiography. 22 For each segment, wall motion was scored from 1 (normal) to 4 (dyskinetic), and the wall motion score index was derived. Longitudinal strain rate was calculated from color tissue Doppler velocity data (calculation distance, 8 mm) with the use of dedicated software (Echopac, GE). We measured peak systolic strain rate during ejection time. Values were obtained by averaging 3 consecutive cardiac cycles and were expressed in seconds Ϫ1 (strain rate). These values are negative in shortening and positive in lengthening myocardium.
Early Estimation of Infarct Size by Release of Cardiac Enzymes
Blood samples were taken at admission and repeatedly during day 1 to 3. Area under the curve (arbitrary units) values of serum CK release and troponin I (TnI) (Beckman Kit, expressed in IU/L) were measured in each patient by computerized planimetry (Image J 1.29x).
Sample Size
Thirty-eight patients were enrolled prospectively into this multicenter, randomized, open-label, controlled protocol ( Figure 1 ). Calculation of sample size was performed according to our primary objective, ie, assessment of infarct size by SPECT imaging at 6 months. Referring to the database of the Nuclear Medicine Department of our institution, with the bilateral hypothesis of a 35% reduction of infarct size (as previously reported in the Staat study), for ␣ϭ0.05 and ␤ϭ0.20, we calculated that the sample size should be nϭ38. 16 
Treatment Allocation
Randomization envelopes containing the study group (control or postconditioned) had been prepared in advance by the promotor of the study (Hospices Civils de Lyon), following a preestablished randomization list and a computer-generated randomization sequence. Numbered sealed envelopes were placed in the catheterization laboratory for the study investigators. After evaluating whether a patient was eligible for the study, the PCI cardiologist informed the patient of the protocol. In case the patient had given informed consent, the PCI cardiologist asked the catheterization laboratory nurse to open a randomization envelope, and the protocol was applied accordingly.
Statistical Analysis
Comparison between continuous variables (area under the curve of serum CK or TnI release, time of ischemia, abnormally contracting segments, echocardiography LV ejection fraction, wall motion score index, and strain rate or SPECT rest-redistribution index) was performed with the use of an unequal variance Student t test. Categorical variables were examined with a Fisher exact test. To compare the treatment effect on infarct size after adjustment on the size of the area at risk, we performed an ANCOVA (Statview). Data are presented as meanϮSD.
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Results
Participant Flow
Forty-two patients, aged 56Ϯ18 years, were considered eligible to participate in the study between January 2005 and February 2007 (Figure 1) . Among those 42 patients, 4 were excluded: 1 because of ventricular fibrillation before coronary angioplasty and 3 because of evidence of coronary collateral circulation to the area at risk. Results are presented for 38 patients and analyzed according to the intention-totreat analysis principle. This population represents Ϸ25% of all ST-segment-elevation myocardial infarction (MI) patients admitted to our institution with a need of emergency revascularization by PCI. All patients received the study treatment as determined by the randomization procedure, without any crossover.
Baseline Data
None of the patients had had previous MI. No patient reported any episodes of chest pain within 48 hours before hospital admission (angina pectoris before AMI might have preconditioned the heart). At admission, heart rate and blood pressure, blood glucose levels, and ECG signs of ischemia were comparable between groups (Table 1) . Parameters of LV and coronary artery disease were similar between the 2 groups (Table 1) . At discharge, both groups had similar treatment except for a trend (Pϭ0.07) toward a larger use of diuretics in the control group (Table 1) .
Angioplasty Procedure
Angioplasty allowed a reperfusion TIMI flow grade Ͼ2 in all but 1 patient in each group. Stenting was performed in all cases without any adverse event. In the postconditioned group, repeated balloon inflations were performed safely.
Infarct Size
Cardiac Enzyme Release
The intention-to-treat analysis indicated that the area under the curve of serum CK release averaged 226 843Ϯ92 644 and 378 770Ϯ194 777 in the postconditioned versus control group, respectively (40% reduction in infarct size; Pϭ0.008) ( Table 2) . For TnI release, the reduction averaged 47% (Pϭ0.001). In the control group, there was a fair correlation between serum CK release and abnormally contracting segments, with CKϭ14 872ϫabnormally contracting segmentsϪ206 475 (r 2 ϭ0.66) (r 2 ϭ0.75 for TnI) (ANCOVA: F 1,35 ϭ13 755; PϽ0.001).
SPECT Imaging
SPECT imaging was performed at 5.2Ϯ2.4 months after AMI (Figure 2) . None of the patients had displayed any clinical evidence of acute coronary syndrome since AMI. Area at risk (abnormally contracting segments at initial LV angiography) was similar between the 2 groups, averaging 3Ϯ13% and 40Ϯ8% in control and postconditioned groups, respectively. The perfusion defect index on redistribution SPECT, an estimate of infarct size, was significantly reduced in the postconditioned versus control group, averaging 11.8Ϯ10.3% versus 19.5Ϯ13.3%, respectively, which represents a 39% reduction (Pϭ0.04) ( Table 2) .
Functional Recovery at 1 Year After AMI
Echocardiography was performed at 11.4Ϯ3.6 months after AMI. On the day of the echocardiography, heart rate and systolic and diastolic pressure were comparable between the 2 groups, averaging 64Ϯ12 bpm, 129Ϯ12 mm Hg, and 76Ϯ12 mm Hg in the postconditioned group versus 63Ϯ13 bpm, 121Ϯ16 mm Hg, and 68Ϯ13 mm Hg in the control group, respectively (PϭNS). LV ejection fraction was significantly improved in the postconditioned versus the control group (Pϭ0.04) ( Table 2 ). Wall motion score index was significantly reduced in the postconditioned versus the control group (Pϭ0.02). Although in the nonischemic region, peak systolic strain rate was similar between the 2 groups, it was significantly increased in the area at risk in the postconditioned versus control group (PϽ0.001) ( Table 2) .
Discussion
This randomized, controlled, single-blinded trial addressed whether ischemic postconditioning might afford persistent clinical benefit in patients with AMI. We report that, several months after AMI, postconditioning by angioplasty results (1) in a persistent infarct size limitation and (2) in a significant improvement in myocardial contractile function.
Persistent Infarct Size Reduction at 6 Months After Postconditioning
Our group demonstrated previously that postconditioning by angioplasty reduces infarct size, as assessed by early CK release, in the human heart. 16 This was the first study demonstrating that postconditioning can reduce lethal reperfusion injury in the human heart. In a retrospective study, Darling et al 23 similarly reported a reduced release of CK in ST-segment-elevation MI patients who underwent Ͼ4 inflations of the angioplasty balloon at the time of reperfusion compared with those who received Ͻ3 inflations. The present study is in agreement with the initial results of the Staat study, further reporting a mean reduction of 47% of the area under the curve of TnI in postconditioned versus control groups. This infarct size reduction was observed with the control and postconditioned groups having similar duration of ischemia and size of the area at risk, ie, 2 major determinants of infarct size. Area at risk was assessed by measurement of the percentage of abnormally contracting segments on admission LV angiography, according to the technique of Feild et al. 19 SPECT (eg, with the use of 99 technetium sestamibi) or magnetic resonance imaging might have afforded a more accurate estimation of the size of the area at risk. In this type of emergency situation, a rapid preparation of sestamibi and access to the Nuclear Medicine Department on a 24-hour basis was unfortunately not feasible in our study. Aletras et al 24 recently reported that magnetic resonance imaging could delineate the area at risk within 48 hours after AMI in the dog heart. To our knowledge, this interesting new technique has, however, not been reported in AMI patients. Meanwhile, estimation of the size of the area at risk with the use of LV angiography, as performed here, has been correlated with the area at risk as measured by SPECT imaging by Feild et al. 19 One might question whether morphine, known as a preconditioning mimetic in experimental studies, might have modified infarct size in our patients. In the present study, morphine was administered intravenously at a dose of 2 to 4 mg, before hospital admission, in nearly 50% of patients in each group. Infarct size in the control group was not smaller than that reported in previous studies in ST-segment-elevation MI patients, and the amplitude of infarct size reduction observed in postconditioned patients was comparable to that reported in experimental preparations (30% to 40%) in the absence of morphine. Primarily, a subgroup analysis of the present study indicated that infarct size was not smaller in both control and postconditioned patients who received morphine versus those who did not. This suggests that morphine did not alter infarct size evaluation in our study.
Until now, whether infarct size reduction by postconditioning represents long-lasting protection was unknown. Cardiac enzyme release after reperfusion has long been used as a surrogate marker for infarct size. 25, 26 Because cardiac enzyme release depends largely on the rate of reperfusion and myocardial healing takes several weeks after reperfusion, it cannot be ruled out that postconditioning might only delay, but not actually reduce, lethal reperfusion injury. We therefore measured infarct size 6 months after AMI, a time at which infarct healing is complete. We used rest-redistribution 201 thallium SPECT to quantify infarct size. The restredistribution index was reduced by 39% in postconditioned versus control patients, an amount of myocardial salvage comparable to that observed with the use of either CK or TnI release. One might wonder whether some degree of myocardial hibernation in the months after AMI might have modified the SPECT rest-redistribution index. Hibernating myocardium may display a reduced contractile function matched with a reduced myocardial blood flow. 27 Areas of hypoperfusion on SPECT scans would not then depict infarcted tissue only but a mixture of necrotic and peri-infarct hibernating myocardium. Assessment of perfusion-contraction matching was not possible in the present study because measurements of myocardial blood flow by SPECT and of LV function by echocardiography were not performed simultaneously. However, all study patients underwent a full revascularization of the infarcted territory by PCI. Although we did not repeat coronary angiography at 6 or 12 months, the fact that none of the patients underwent recurrent ischemia suggests that the dilated culprit coronary artery remained patent at 6 to 12 months after AMI. Therefore, the perfusion defect observed on SPECT images at rest very likely corresponded to irreversible myocardial damage rather than to a partial reduction of flow redistribution to an abnormally contracting periinfarct tissue. This is further supported by the fact that, in Figure 2 . SPECT imaging at 6 months after infarction (typical example). Typical 201 thallium scintigraphy at 6 months after AMI. Color encoding depicts normal perfusion as red or white. Injured myocardium encompasses yellow, green, and blue zones. agreement with Licka et al, 28 we found a good correlation between the rest-redistribution perfusion index and CK release. In addition, the uptake of 201 thallium on restredistribution scans has been shown to correlate closely with sestamibi, which has been validated to measure infarct size and predict functional recovery. 3, 29, 30 The regional abnormality of contraction observed at 1 year by echocardiography likely did not represent "hibernating" myocardium per se but rather was probably the consequence of a tethering effect of the reperfused viable peri-infarct tissue to the underlying necrotic myocardium. Overall, rest-redistribution 201 thallium SPECT performed 6 months after AMI demonstrated that angioplasty postconditioning does not simply delay but truly and persistently reduces infarct size.
Improved Functional Recovery at 1 Year After AMI
Although reduction of infarct size is a major therapeutic goal, the long-term clinical benefit of any adjunctive treatment to reperfusion will rather result from the improvement of LV contractile function and prevention of heart failure. The control and postconditioned groups exhibited comparable LV ejection fraction at admission. One year later, the postconditioned group exhibited a significant 7% improvement in LV ejection fraction, above benefits afforded by established strategies to promote functional recovery after AMI, including PCI, ␤-blockers, and angiotensin-converting enzyme inhibitors. Quantitative analysis of regional contractile function clearly indicated a better functional recovery of the reperfused myocardium in postconditioned hearts. SPECT was performed at 6 months because healing of MI is considered complete at this time. Echocardiography was performed later than SPECT because LV remodeling is slower than infarct healing, and a potential moderate improvement of LV function was likely to be more easily detectable after 12 than after 6 months after AMI.
There is little doubt that improvement in contractile function at 1 year after AMI in postconditioned patients was a direct consequence of infarct size reduction. Myocardial stunning, which might mask any beneficial effect of infarct size reduction within days to weeks after AMI, no longer interferes after several months. Whether postconditioning might have any beneficial effect on contractile function per se remains unknown. However, Zhao et al 9 first reported that postconditioning does not improve myocardial segment shortening in the first 3 hours after reflow in the dog heart. Recently, Couvreur et al 31 and Vinten-Johansen et al 32 reported in dog and rabbit models of pure (ie, in the absence of irreversible tissue injury) myocardial stunning that postconditioning does not improve recovery of regional contractile function. By analogy, preconditioning that reduces infarct size to an extent comparable to that of postconditioning in animal models has no effect on contractile function early after reflow. 33 Once stunning of the still viable peri-infarct myocardium wanes as reperfusion time elapses, improved functional recovery is revealed, likely resulting from the diminished tethering effect of a reduced amount of infarcted tissue. 34, 35 
Postconditioning Amends Lethal Reperfusion Injury in Humans
The study population of the present trial was small. On the one hand, this can be considered a limitation to the generalizability of its findings to the population at large. On the other hand, the fact that only 38 patients were sufficient to show such a clinical benefit of postconditioning clearly indicates the power of the protection. It further means that lethal reperfusion injury can damage a large amount of myocardial tissue in AMI patients (nearly 40% of the final infarct size). Besides conventional treatments that target either ischemiainduced damage (eg, early reperfusion or prevention of coronary reocclusion by antiaggregants), arrhythmogenesis (eg, ␤-blockers), or detrimental LV remodeling (eg, angiotensin-converting enzyme inhibitors), no treatment is currently aimed at attenuating lethal reperfusion injury. This study identifies lethal reperfusion injury as a new target that is amenable by a simple and safe intervention, ie, postconditioning. It further indicates that the long-term beneficial effects of postconditioning are due to a timely intervention performed within the first minutes of reflow. Consequently, it suggests that this major myocardial injury is initiated by intracellular molecular abnormalities, possibly including the opening of the mitochondrial permeability transition pore, that occur within the first minutes of reflow. 10, 11, 35, 36 
Study Limitations
An important limitation of the present trial is the small size of the study population and the lack of outcome data. However, the primary objective was met, and we report that angioplasty postconditioning affords persistent benefit. Whether the conclusions of this trial can be extrapolated to a much larger number of AMI patients requires additional large-scale trials. However, this study population is typical of most populations of AMI patients. The baseline characteristics, catheterization laboratory procedures, and treatment at admission or at discharge were similar to those of the much larger populations of recent large-scale trials also performed in ST-segment-elevation MI patients treated by PCI. [37] [38] [39] [40] 
Conclusion
The present study supports the idea that postconditioning can afford persistent benefit after AMI. Additional trials are required to address the best strategies for a widespread use of postconditioning protection against lethal reperfusion injury in patients with ongoing AMI.
